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Abstract
Multilayer piezoelectric actuators (MPA) are commonly used to control injection valves in modern combustion

engines operating in a temperature range from -40 °C up to 125 °C. They consist of a stack of very thin piezoceramic
layers, mostly based on Lead Zirconate Titanate (PZT) material with interdigitated metallic electrodes in between. In
this work the mechanical properties of both pure piezoceramic material and the multilayer structure are investigated
in terms of strength and crack growth resistance. The results of strength tests are interpreted in the mainframe
of Weibull theory, and fractographic analyses are performed in order to get information about the weakest links
in the microstructure. The crack growth resistance is determined using the single-edge V-notched beam (SEVNB)
method in both materials to estimate the influence of the electrodes on crack propagation. The influence of the texture
(i.e. domain-orientation) is assessed with indentation techniques under combined mechanical and thermal loads. In
addition, with the aid of Raman spectroscopy it is shown that crack growth anisotropy is intimately linked with
domain switching segregation; cracks arrest earlier when propagating along a direction where domain switching is
highly favored. Based on experimental results, guidelines for an improved design of MPA are also given.
Keywords: Piezoelectric multilayer actuator, domain switching, strength, fracture resistance, Raman spectroscopy

I. Introduction
The outstanding piezoelectric properties of piezoceram-

ics are widely employed in the fabrication of sensors and
actuators used in applications that require precision dis-
placement control or high generative forces, i.e. precision
mechanoelectronic and semiconductor devices. The de-
manding requirements for advanced devices have involved
in many cases the combination of material classes (such as
metals, ceramics and polymers) to fulfill the performance
in a given system. In these cases, the fabrication of com-
ponents having two different materials has been a chal-
lenge, not only from the viewpoint of the structural in-
tegrity (i.e. mechanical resistance) of the part but also from
its functionality. For instance, modern multilayer piezo-
electric actuators (MPA) used in advanced injection sys-
tems consist of a stack of thin piezoceramic layers which
are separated by very finely printed metallic electrodes (see
Fig. 1). The integration of electrodes into ceramic parts re-
quires a precise location of the interdigitated structure as
well as high piezoelectric properties of the piezoceramic to
fulfill the performance in service 1, 2. Owing to this design,
high electric fields and large elongations can be reached
with relatively low voltages 3. The main feature of the actu-
ator’s functionality is associated with the domain switch-
ing process triggered by an electrical field (ferroelectricity)
and/or mechanical loading (ferroelasticity).

* Corresponding author: raul.bermejo@unileoben.ac.at

Fig. 1: Multilayer piezoelectric actuator scheme used in fuel injec-
tion systems. A detail of the active and passive zones is presented.

The most common material employed as piezoceram-
ic is Lead Zirconate Titanate (PbZr1-xTixO3, PZT) in
the neighborhood of the Morphotropic Phase Boundary
(MPB) (i.e. x = ∼0.48) owing to the high strain response
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that is caused by enhanced domain switching capabili-
ty – an extrinsic effect 4 – 7. The corresponding strains are
of the order of 0.1 % (for a typical stack length of about
40 mm the elongation is approximately 40 lm). This elon-
gation can be attained in a very short time (in the order of
milliseconds), allowing for fast and accurate fuel flow into
the combustion chamber. The effectiveness of such an in-
jection process (low fuel consumption, reduction of emis-
sions) is based on the reliable functionality of the MPA
over its lifetime, i.e. order of 109 cycles. In this regard,
the relatively large displacements and large forces within
the MPA along with the combined thermal, electrical and
mechanical loadings yield nonlinear effects, which may
lead to degradation of the performance of the MPA 8, 9.
In service, for instance, the actuating-process is indeed a
result of the periodic reorientation (domain switching)
of the piezoelectric crystals in the PZT in the ferroelec-
tric phase, i.e. below the Curie temperature. During this
process, cyclic inelastic deformation and Joule heating
occur. These effects may lead to periodic tensile stress-
es concentrated around the electrode tips 10, which can
induce fatigue damage (the growth of cracks) in the ce-
ramic material, thus affecting the structural and functional
integrity of the MPA. In addition, although these MPA
operate under externally applied compressive stresses,
failure of components in service has been reported associ-
ated with the propagation of cracks within the electrode-
ceramic multilayered structure 10. The functionality of
such devices is associated with the mechanical resistance
of the ceramic layers; if cracks propagate between elec-
trodes, the device cannot fulfill its function anymore 11, 12.
Therefore, to ensure such high reliability of the ceramic
components, uncontrolled propagation of cracks must be
avoided completely. The investigation of the initiation and
subsequent growth of cracks in piezoceramic materials is
of primary importance and has been the focus of many
researchers. Considerable work has been done to analyze
the behavior of monolithic piezoceramics to determine
the strength and crack growth resistance with respect to
defined electrical boundary conditions 8, 13 – 22.

In the present work, the mechanical behavior of com-
mercial PZT material used in MPA devices is illustrated
in terms of strength and fracture toughness (resistance to
crack propagation). Four-point bending tests are per-
formed on both bulk ceramic samples and multilayer
metal-ceramic composites to investigate the influence of
electrodes and domain texture on the flexural strength dis-
tribution. The results of strength tests are interpreted in
the mainframe of Weibull theory. Fractographic analyses
are performed in order to retrieve information about the
type and location of the defect causing the failure. The
fracture toughness of the piezoceramic material (with and
without electrodes) is measured using the Single-Edge V-
Notch Beam (SEVNB) method to evaluate the effect of
the electrodes on crack propagation. Furthermore, the
influence of texture (i.e. domain-orientation) is assessed
using indentation techniques on poled specimens, explor-
ing the effect of temperature and mechanical load on the
possible depolarization of the material. These studies are
substantiated by the analysis of domain texture in the ma-

terial with polarized Raman spectroscopy, thus allowing
a direct connection between crack growth resistance and
domain switching.

II. Statistical Nature of Mechanical Strength in PZT
The strength of brittle materials, rf, can be determined

with standardized four-point bending (4PB) tests. Ac-
cording to Griffith’s analysis 23, the strength scales with
the fracture toughness, KIc, and is inversely proportional
to the square root of the critical crack size ac:

σf =
KIc

Y
√πac

(1)

Y is a geometric correction factor which may also depend
on the loading situation 24 – 26. For cracks that are small
compared to the component size (this is generally the case
in ceramics), Y is of the order of unity.

Strength test results on ceramic specimens show, in gen-
eral, large scatter. This follows from the fact that in each
individual specimen the size and location of the critical
defect (or crack) can be different. Typical volume flaws,
which may act as fracture origins, are second phase re-
gions, large pores, inclusions, large grains or agglomera-
tions of small pores 27. Common fracture origins at the
surface are grinding scratches and contact damage. Even
grooves at grain boundaries may act as fracture origins.
Another consequence of the strength scatter is associat-
ed with the toughness of the material. In case the materi-
al presents an increasing resistance to crack propagation
with the crack length (the so-called R-curve), KIc may de-
pend on the crack length. The stress measured at fracture
(according to Eq. 1) can thus differ from specimen to spec-
imen depending on the loading level and on the size of the
critical defect. It has been shown that PZT possesses a pro-
nounced R-curve due to domain switching acting at the
crack tip 8, 15, 17, 18, 20, 22. The resistance to crack propaga-
tion does not only depend on the polarization state of the
PZT but also on the direction in which the crack advances.
This is known as toughness anisotropy in PZT.

The interpretation of strength results in PZT ceramics
can be done in the framework of Weibull statistics, as-
suming that an homogeneous crack-size frequency densi-
ty function g(a) exists. In most materials the size frequency
density of the cracks decreases with increasing crack size.
i.e. g ∝ a-p, with p being a material constant 28, 29. This lets
us derive the well-known relationship for Weibull statis-
tics 30, 31:

F(σ,V) = 1 - exp
[

-
V
V0

(
σ
σ0

)m]
(2)

The Weibull modulus m describes the scatter of the
strength data. The characteristic strength r0 is the stress at
which, for specimens of volume V = V0, the failure prob-
ability is F(r0,V0)=1-exp(-1) ≈ 63%. Note that the modu-
lus m is related to the size distribution of the cracks, i.e.
m = 2(p-1). For more details see 28, 32.

III. Experimental Methods

(1) Determination of flexural strength
In order to illustrate the effect of domains on the strength

distribution in PZT, standard 4PB tests (spans: 30 – 15 mm)
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have been performed on (i) non-poled bulk PZT ceram-
ic specimens, (ii) non-poled and poled multilayer met-
al-ceramic composites, to assess the influence of the mi-
crostructure on the strength of the material 33. The mul-
tilayer composite consists of several PZT layers interdigi-
tated with metal electrodes. Dimensions of the specimens
were 35 mm x 3.0 mm x 2.25 mm (length x width x height),
the electrodes having an area of 35 mm x 3.0 mm and a
thickness of ca. 5 lm. A total of 30 specimens were tested
for each sample using a universal testing machine (Zwick
Z010, Zwick/Roell, Ulm, Germany) with a 200 N load
cell. Flexural tests were performed under displacement
control at ambient conditions (T = 25 °C and 25 % RH),
using a relatively high displacement rate of 1.5 mm/min to
avoid environmental effects 34. The equivalent “elastical-
ly” bending stress, re, was calculated following the EN-
843 – 1 standards 35:

σe=
3F(S0- Si)

2bh2
(3)

where F (in N) is the fracture load, So and Si are the outer
and inner spans (30 mm and 15 mm), respectively, b (in
mm) is the specimen width and h (in mm) is the specimen
height.

(2) Fractographic analysis
Optical examination of fracture surfaces was performed

with an Olympus BX50 light microscope, an Olympus
SZH10 stereo microscope (Olympus, Tokyo, Japan), and
with a Quanta 200 Mk2 FEG-SEM (FEI, Hillsboro, OR,
USA) scanning electron microscope.

(3) Evaluation of fracture toughness
The resistance to crack propagation is a very important

property to describe the mechanical behavior of brittle
materials. The propagation of a crack normal to the ap-
plied stress field leads to the Mode I fracture, which is in
most cases the common failure mode of a ceramic. The
fracture toughness, KIc, is the material property related to
such mode of fracture. It can be measured using the Single-
Edge V-Notch Beam method (SEVNB), which constitutes
the only standard method for fracture toughness measure-
ments in brittle materials 36. According to this procedure,
KIc can be determined on a notched specimen of length a
in a 4PB test following the norm standards EN-843 – 1 35.
The fracture toughness can be evaluated according to 36:

KIc = σf · Y · √
a (4)

where rf is the failure stress (in MPa), a is the crack length
(in m) and Y is a geometric factor defined for an edge crack
and given as 36:

Y(δ) = 1.9887 - 1.326δ

-
[

(3.49 - 0.68δ + 1.35δ2) · δ(1 - δ)
(1 + δ)2

] (5)

and
δ = a/W (6)

where W (in m) is the specimen thickness.
The mode I fracture toughness in PZT has been deter-

mined in bulk specimens. To account for the effect of the
electrodes on the resistance to crack propagation, SEVNB

tests have also been performed on non-poled multilay-
er structures similar to those used for strength measure-
ments. The notched specimens can be seen in Fig. 2.

Fig. 2: a) Bulk and b) multilayer PZT notched specimens for fracture
toughness determination using the SEVNB method.

(4) Crack growth resistance: effect of domain switching

In order to investigate the effect of domain orientation on
the fracture resistance of the material, the indentation frac-
ture (IF) method was employed. At least five indentations
with 1 kg load were placed along the polished surface of
each specimen in a way that the resulting cracks were par-
allel or perpendicular to the direction of the applied elec-
trical field (i.e. specimen longitudinal direction). The crack
growth resistance (CGR) can be evaluated following the
relation proposed by Anstis et al. 37, namely by measur-
ing the length of the indentation cracks both parallel (2c//)
and normal (2c⊥) to the longitudinal axis of the specimen:
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KR = χ · P
c3/2

(7)

Here v is a parameter related to the shape of the inden-
tation crack, P (in N) is the indentation load and c (in m)
is half the length of the measured indentation crack. The v
parameter has been estimated based on the KIc value calcu-
lated above with the SEVNB method on an “as-sintered”
PZT (i.e. non-poled) material 38.

(5) Crack growth resistance: effect of temperature and
mechanical load

The service conditions under which MPA operates in-
volve mechanical loading and rapid temperature changes
(effective temperature range: -40 °C to 125 °C, considering
heating from ambient to combustion temperature during
winter months). In order to simulate, to some extent, the
real thermo-mechanical fracture behavior of the PZT ce-
ramic material during service, the crack growth resistance
of a doped PZT ceramic is investigated using the indenta-
tion method explained above. Combined thermal and me-
chanical loads are first applied to poled (bulk) specimens
with dimensions (10 mm x 4 mm x 3 mm) by means of
a temperature chamber (Carbolite GmbH, Ubstadt-Wei-
her, Germany) coupled to an adapted universal testing ma-
chine (Messphysik Materials Testing GmbH, Fürstenfeld,
Austria). The compressive stress, applied along the poling
direction (i.e. largest dimension of the specimen), forces
the domains to switch perpendicularly with respect to the
stress (poling) axis (ferroelastic effect). After the tests, the
specimens are removed from the testing set-up and in-
dentation cracks are introduced in the tested specimens at
room temperature. The crack lengths of the indentations

are measured (parallel and normal to the poling direction)
and compared with the initial indentations cracks on poled
specimens. Using Eq. (7), the crack growth resistance in
both directions is determined.

IV. Results and Discussion

(1) Flexural strength and failure analyses
Fig. 3a shows the strength distribution versus the proba-

bility of failure of the three different samples, represented
in a Weibull diagram. Owing to the non-linear behavior of
PZT during bending, the true outer fiber stress, r*, was es-
timated from the elastically calculated bending stress, re,
according to Fett et al. 39. According to this, the true out-
er fiber stress is a function of the level of elastically stress
associated with the elastic strain during bending. For the
case of non-poled specimens r* may be around 70 % of re,
while for the poled samples r* may read only approx. 60 %
of re (for details see 39).

In Fig. 3b the (outer fiber) characteristic strength, r0
*, is

plotted versus the Weibull modulus, m, for each sample.
The 90 % confidence intervals, defined as the range which
contains the true parameters (i.e. r0

* and m) with a prob-
ability of 90 %, are also represented in the referred figure
by vertical and horizontal bars respectively. It can be ob-
served that both r0

*, and m are not affected by the pres-
ence of electrodes (compare poled and non-poled sam-
ples). However, a clear difference between poled and non-
poled multilayer materials is observed (Fig. 3b): the pol-
ing state of the material does affect its strength distribu-
tion (represented by the Weibull modulus, m). In Table 1
the Weibull parameters with the 90 % confidence intervals
are listed for the three samples.

Fig. 3: a) Strength distribution vs. probability of failure in a Weibull diagram, and b) characteristic strength vs. Weibull modulus of (i) non-
poled bulk ceramic specimens, (ii) non-poled and (iii) poled multilayer metal-ceramic composites.
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Table 1: Elastically calculated and outer fibre characteristic strength, s0 and r0
*, and Weibull modulus, m, for non-poled

bulk and multilayer samples as well as for poled multilayer specimens. The 90 % confidence intervals are also listed.

Sample Characteristic Strength [MPa] Weibull modulus, [–]

r0 r0
* m

Bulk (non-poled) 114 (112 – 116) 80 (79 – 81) 20 (15 – 24)

Multilayer (non-poled) 113 (112 – 115) 80 (78 – 81) 21 (16 – 26)

Multilayer (poled) 124 (119 – 129) 74 (71 – 77) 8 (6 – 9)

Fig. 4: SEM micrographs of the fracture surfaces of a) non-poled PZT bulk monolith, b) non-poled and c) poled multilayer metal-PZT-ceramic
composite. The fracture is intergranular and initiates at the tensile surface (arrows indicate fracture propagation). In d) some cracks can be
observed in the poled multilayer metal-PZT-ceramic composite, which originated during poling.

A fractographic analysis of broken specimens is shown
in Fig. 4 with reference to the three different samples. The
fracture origin for (i) bulk and (ii) non-poled specimens is
likely to be found at the surface tested under tension (see
Figs. 4a and 4b). On the other hand, in the poled multilay-
ers (iii) the fracture originates in some cases at the edges
of the specimen (see Fig. 4c). Crack propagation is indi-
cated by the direction of hackle lines (evidenced by white
arrows in Figs. 4a, 4b and 4c). In other cases microcracks
could be found at the fracture surfaces (see Fig. 4d) which
have originated during the poling operation. As a result,
the lower Weibull modulus in the poled specimens can be
ascribed to the coexistence of both inherent natural flaws

and relatively large cracks. In terms of strength this cannot
be clearly appreciated in Fig. 3a owing to the small size of
the sample tested. However, microcracks could be found
at the fracture surface of specimens with lower strength.

(2) Fracture toughness: influence of metal electrodes

The toughness values calculated according to Eq. (4) are
KIc,b = 1.1 ± 0.1 MPa·m1/2 and KIc,m = 1.5 ± 0.1 MPa·m1/2

for bulk and multilayer respectively. The positive effect of
the metal electrodes on the crack growth resistance is asso-
ciated with their plastic deformation. It can be inferred that
a crack propagating in a bulk PZT will require less applied
stress than propagating through a metal-ceramic multilay-
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er architecture. The query arises whether the direction of
propagation in multilayer devices (i.e. parallel or perpen-
dicular to the electrodes) may be different, influenced by
the crack growth resistance of the PZT material in different
directions (i.e. toughness anisotropy). This phenomenon
can be investigated using indentation techniques to induce
cracks in poled and non-poled PZT material 11, 15, and will
be explored in the next section.

Fig. 5: Schematic of domain switching process in front of a crack
tip.

(3) Crack growth resistance

(a) Effect of domain switching
A crack in a material can grow when the applied stress

intensity factor, KI, overcomes the toughness of the ma-
terial KIc. In an isotropic material, the resistance to crack
propagation results in the same in all directions. This is al-
so the case in non-poled PZT, where domains are random-
ly oriented and thus the microstructure can be considered
as homogeneous. However, in a poled PZT a significant
amount of domains are oriented along the axis where the
electrical field (E) has been applied (poling axis). Now the
microstructure is no longer uniform and a preferential di-
rection for crack propagation exists. When a crack prop-
agates parallel to the poling direction under the applica-
tion of an external mechanical stress field, tensile stresses
exist at the crack tip (see Fig. 5). In a poled PZT materi-
al, domains located around the crack tip may switch ow-
ing to the ferroelastic effect (Fig. 5). This switching pro-
cess consumes energy which is then no longer available to
advance the crack 38. As a result, the crack growth resis-
tance (CGR) is higher along the poling direction. This phe-
nomenon is illustrated in Fig. 6 with indentation cracks.
For non-poled materials, in which domains are random-
ly oriented in all directions, crack lengths are the same in
both parallel and perpendicular directions (i.e. the CGR is
identical in all directions), as expected for an isotropic ma-
terial. On the other hand, in poled specimens the CGR is
influenced by the preferred orientation of domains. Here
cracks in direction of poling are smaller than in the perpen-
dicular direction owing to ferroelastic domain switching.
The CGR has been evaluated using Eq. (7). The v parame-
ter has been estimated as 0.11 ± 0.01 based on the KIc value

for non-poled PZT calculated with SEVNB (i.e. KIc,b =
1.1 ± 0.1 MPa·m1/2). For an applied indentation load of
1 kg, the fracture resistance values parallel and normal to
the poling axis resulted in K//

R = 1.51 ± 0.02 MPa·m1/2 and
K⊥

R = 0.62 ± 0.01 MPa·m1/2 respectively.

Fig. 6: Indentation cracks parallel and perpendicular to the longitu-
dinal direction in a) non-poled specimens, i.e. E = 0 MV/m, and b)
poled specimens, i.e. E = 2 MV/m.

(b) Depolarization effects
In Fig. 7a a light effect of temperature (i.e. depolariza-

tion) can be appreciated on the poled specimens up to
the Curie temperature, whereas for the non-poled sam-
ple no temperature effects are observed. In Fig. 7b the
combined effect of temperature and mechanical load (i.e.
50 MPa in compression) is shown. In this case a signif-
icant depolarization effect was observed after lower ex-
posure temperatures. Interesting are the tests at temper-
atures of approx. 225 °C, where the fracture resistance in
both parallel and normal directions result in the same, i.e.
K//

R = 1.04 ± 0.02 MPa·m1/2 and K⊥
R = 1.04 ± 0.01 MPa·m1/2

respectively. These values coincide with the ones report-
ed for the non-poled specimens (Fig. 7a). Although the
CGR of the material may not be isotropic at this tem-
perature, there are two different domain orientation dis-
tributions yielding the same CGR in the directions par-
allel and normal to the poling axis. Above this tempera-
ture (i.e. > 225 °C) and owing to the relatively high ap-
plied compressive stress (r = -50 MPa), the fracture resis-
tance anisotropy reverses, yielding higher crack growth
resistance in the direction normal to the longitudinal axis
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(Fig. 7b). This phenomenon can be already observed be-
low the Curie temperature, even for lower compression
loads (see details in 38). Finally, for temperatures beyond
the Curie point (e.g. 400 °C), the fracture resistance nor-
mal to the longitudinal direction can reach values up to
K⊥

R = 1.75 MPa·m1/2, that is, even higher than K//
R at room

temperature (corresponding to a hypothetical electrical-
ly “fully” poled PZT material). However, the increase in
fracture resistance normal to the longitudinal axis is coun-
terbalanced by a decrease in the parallel direction. In oth-
er words, the shielding effect associated with the increase
amount of domains oriented in the normal direction (in
case of MPA parallel to the electrodes) will yield a corre-
sponding decrease of the fracture resistance in the other
direction, i.e. perpendicular to the electrodes. This effect
may be of importance in the case of multilayered actua-
tors, where the propagation of cracks from outer terminal
electrode through the whole stack to the other outer elec-
trode (i.e. parallel to the poling direction) may cause the
failure of the actuator.

V. Design Guidelines to Improve Fracture Resistance
of PZT in Multilayer Actuators

Crack propagation in structural and functional ceramics
has been investigated by many authors in recent decades
in order to understand the fracture process in ceramic
materials. Particular attention has been paid to multilay-
ered structures where the properties of the individual lay-
ers could be tailored to influence the fracture behavior
of the layered material. In this regard, layered structures
designed with weak interfaces, crack growth resistance
(R-curve) behavior through microstructure design and/or
residual stresses among others, have shown outstanding
potential for structural applications, showing enhanced
fracture toughness by means of energy dissipating mecha-
nisms such as interface delamination and/or crack deflec-
tion/bifurcation phenomena. A review can be found in 40.
The understanding of the conditions under which such
mechanisms occur and the influence of the layered archi-
tecture (e.g. geometry, composition of layers, elastic and
physical properties of the layers) on the crack propaga-
tion is the key feature to obtain tougher and more resis-
tant and reliable materials and components. The architec-
ture of multilayered actuators (stacks), where the ceram-
ic layers are stacked between electrode sheets, resembles
the design of layered structural ceramics. Within this con-
text, a similar approach used in layered ceramics to con-
trol crack propagation could be attempted in MPA. The
complex stress distribution during the fabrication of MPA
and the later poling process to meet the service require-
ments can lead to the generation of cracks that may affect
the structural and functional integrity of the stack. In this
regard, two strategies may be adopted in order to improve
the performance of these components: 1) avoid the forma-
tion of cracks within the stack optimizing both the pro-
cessing and poling process, and 2) assuming that cracks
are distributed within the component, try to control the
crack propagation so that the functionality of the stack is
not affected. The complexity increases owing to the inter-
action of the electrical charges and the mechanical loads
of different kind in the metal-ceramics layered materials.

A major problem that may be encountered in this type
of layered designs is the deflection of propagating cracks
from one electrode towards the other, leading to short-cir-
cuit of the component, and thus failure of its functionali-
ty. A crack connecting two electrodes of opposite polar-
ity would constitute a free channel with very low dielec-
tric permittivity (the permittivity of air is much lower than
that of the ceramic), thus increasing the chance of disrup-
tive discharge.

Fig. 7: Crack growth resistance measured in poled PZT specimens
after exposure at a) different temperatures and b) combining tem-
perature and mechanical load (i.e. 50 MPa in compression). Non-
poled specimens are also shown in a) for comparison. A slight ef-
fect of the temperature on KR can be appreciated on the poled spec-
imens, leading to partial depolarization. This is more acute when
mechanical compressive load is also applied parallel to the poling
direction.

Therefore, an immediate query is raised whether the path
that the propagating crack follows, i.e. along or near the
electrode (where the crack initiates), may be influenced
by the design parameters, such as geometry and/or me-
chanical properties of the different piezoceramic layers, to
avoid crack propagation between electrodes, so that the
component can increase its lifetime durability. In this re-
gard, the benefits of high failure resistance materials de-
signed with weak interfaces and the mechanical reliability
enhancement (flaw tolerance) of residual-stress-based ma-
terials designed with strong interfaces could be combined
in a unique multilayer architecture, as has been reported
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Fig. 8: Domain orientation in both a) non-poled and b) poled PZT bulks by means of polarized Raman spectroscopy. Sampling was performed
with 4-lm steps. The domain orientation is reported as an angle with respect to the incident laser polarization, maintained always horizontal
(i.e. coincident with the poling direction in b). (Reproduced from 46).

elsewhere 41. For instance, weak interfaces in piezo-actua-
tors could act as locations which would favor crack prop-
agation, thus avoiding the propagation of cracks between
electrodes (short circuit). In addition, the introduction of
“protective” layers with residual stresses (e.g. a compres-
sive layer to stop the propagation of subcritical propagat-
ing cracks 42) in the design could increase its lifetime and
reliability.

In addition to this, new experimental methods are need-
ed to investigate the in-situ domain switching responsible
for CGR anisotropy in PZT-based materials. Also ther-
mo-mechanical strains in certain regions of multilayer de-
vices can lead to degradation and failure of the actuator.
A promising approach is the utilization of polarized Ra-
man spectroscopy for strain analysis. This technique is
well known in the field of materials science for being an
easy-to-use non-destructive technique with micrometer-
scale spatial resolution. The use of polarized incident light
at the same time as analyzing the scattered light polariza-
tion allows information to be obtained on the local orien-
tation of the crystal structure. Details on this technique
can be found in the literature, applied on various semi-
conductor and ceramic materials (see for instance 43, 44).
In piezoelectric ceramics, the intensity of Raman modes
is strongly dependent on the local orientation of ferro-
electric domains. If it is assumed that the texture is un-
changed in the investigated area, polarized Raman spec-
tra can be used to perform microscale mapping of local
orientations in areas of interest, such as in the neighbor-
hood of Vickers indents 45, 46. As an example, Fig. 8 shows
Raman domain mapping in the vicinity of indentations
that were placed on both non-poled (Fig. 8a) and poled
(Fig. 8b) PZT bulks at room temperature, without any pri-
or conditioning of the sample. As expected, the non-poled

material presents cracks growing with the same length in
each direction, whereas the poled sample presents cracks
that are shorter parallel to the poling direction and longer
perpendicularly, compared to the non-poled case. This is
reflected in a higher amount of domain switching in the
vicinity of the parallel crack, whereas on the perpendic-
ular crack little or no domain switching occurred. In the
non-poled sample, both cracks present the same amount
of domain switching. The relationship between CGR (cal-
culated with the IF method described above) and domain
switching (calculated considering the measured orienta-
tion and the orientation far away from the indentation in
both samples) has been reported elsewhere 46. It demon-
strates that higher domain switching produces high CGR,
and vice-versa, with respect to the non-poled case. Crack
growth anisotropy is thus intimately linked with domain
switching segregation: cracks arrest earlier when propa-
gating along a direction where domain switching is high-
ly favored. On the other hand, in directions where no do-
main switching occurs, the measured KR value can be re-
garded as the CGR of the PZT material in the absence of
any toughening mechanism.

VI. Conclusions
The mechanical properties of Lead Zirconate Titanate

(PZT) material used in Multilayer Piezoelectric Actua-
tors (MPA) have been investigated in terms of strength
and crack growth resistance. The distribution function of
strengths determined from experimental bending tests is
dependent on the poling state of the material and on its
structure, and is conditioned by the presence of cracks
generated during the poling process. The crack growth re-
sistance (CGR) can be influenced by the texture (i.e. do-
main-orientation), which may be enhanced under com-
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bined mechanical and thermal loads. The use of Raman
spectroscopy in the vicinity of cracks showed that CGR
anisotropy is intimately linked with domain switching
segregation; cracks arrest earlier when propagating along a
direction where domain switching is highly favored. Rec-
ommendations to increase the fracture resistance in MPA
are given based on layered designs.
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